The recent Zika pandemic in the Americas is linked to congenital birth defects and Guillain-Barré syndrome. White blood cells (WBCs) play an important role in host immune responses early in arboviral infection. Infected WBCs can also function as 'Trojan horses' and carry viruses into immune-sheltered spaces, including the placenta, testes and brain. Therefore, defining which WBCs are permissive to Zika virus (ZIKV) is critical. Here, we analyse ZIKV infectivity of peripheral blood mononuclear cells (PBMCs) in vitro and from Nicaraguan Zika patients and show CD14 + CD16 + monocytes are the main target of infection, with ZIKV replication detected in some dendritic cells. The frequency of CD14 + monocytes was significantly decreased, while the CD14 + CD16 + monocyte population was significantly expanded during ZIKV infection compared to uninfected controls. Viral RNA was detected in PBMCs from all patients, but in serum from only a subset, suggesting PBMCs may be a reservoir for ZIKV. In Zika patients, the frequency of infected cells was lower but the percentage of infected CD14 + CD16 + monocytes was significantly higher compared to dengue cases. The gene expression profile in monocytes isolated from ZIKV-and dengue virus-infected patients was comparable, except for significant differences in interferon-γ , CXCL12, XCL1, interleukin-6 and interleukin-10 levels. Thus, our study provides a detailed picture of the innate immune profile of ZIKV infection and highlights the important role of monocytes, and CD14 + CD16 + monocytes in particular. Zika virus (ZIKV) is an arthropod-borne positive-sense RNA flavivirus, composed of seven non-structural and three structural proteins 1 . Since 2015, ZIKV has spread rapidly throughout the Americas, concurrent with an increase in congenital birth defects, including microcephaly and Guillain-Barré syndrome 2 . ZIKV infection can be asymptomatic or can cause a mild febrile illness clinically resembling infection with other co-circulating arboviruses, including dengue (DENV) and chikungunya (CHIKV) viruses. At present, it is unclear how ZIKV reaches immune-privileged sites within the body and breaches protective placental-fetal and blood-testis barriers, which leads to sexual transmission and congenital defects 3 . One possible route is ZIKV-infected white blood cells (WBCs), which disseminate the virus into different compartments of the body or serve as a viral reservoir upon recruitment to the infection site, a mechanism known as 'Trojan horse' 4 . West Nile virus (WNV), another flavivirus, infects monocytes, contributing to its dissemination into the brain, resulting in encephalitis and meningitis 5,6 . Monocytes and dendritic cells (DCs) are the main target of DENV infection in human peripheral blood mononuclear cells (PBMCs) and in the skin [7][8] [9] . Here, we identify cellular targets of ZIKV in human blood, compare this to DENV-infected patients, and analyse gene expression profiles of monocytes isolated from ZIKV-and DENV-infected patients. Our results reveal a detailed immune profile of ZIKV infection in PBMCs in vitro and in patients, which is pivotal to understanding the initial stages of Zika pathogenesis prior to dissemination throughout the body and into immune-sheltered sites, leading to neurological complications and vertical and sexual transmission of the virus.
The recent Zika pandemic in the Americas is linked to congenital birth defects and Guillain-Barré syndrome. White blood cells (WBCs) play an important role in host immune responses early in arboviral infection. Infected WBCs can also function as 'Trojan horses' and carry viruses into immune-sheltered spaces, including the placenta, testes and brain. Therefore, defining which WBCs are permissive to Zika virus (ZIKV) is critical. Here, we analyse ZIKV infectivity of peripheral blood mononuclear cells (PBMCs) in vitro and from Nicaraguan Zika patients and show CD14 + CD16 + monocytes are the main target of infection, with ZIKV replication detected in some dendritic cells. The frequency of CD14 + monocytes was significantly decreased, while the CD14 + CD16 + monocyte population was significantly expanded during ZIKV infection compared to uninfected controls. Viral RNA was detected in PBMCs from all patients, but in serum from only a subset, suggesting PBMCs may be a reservoir for ZIKV. In Zika patients, the frequency of infected cells was lower but the percentage of infected CD14 + CD16 + monocytes was significantly higher compared to dengue cases. The gene expression profile in monocytes isolated from ZIKV-and dengue virus-infected patients was comparable, except for significant differences in interferon-γ , CXCL12, XCL1, interleukin-6 and interleukin-10 levels. Thus, our study provides a detailed picture of the innate immune profile of ZIKV infection and highlights the important role of monocytes, and CD14 + CD16 + monocytes in particular. Zika virus (ZIKV) is an arthropod-borne positive-sense RNA flavivirus, composed of seven non-structural and three structural proteins 1 . Since 2015, ZIKV has spread rapidly throughout the Americas, concurrent with an increase in congenital birth defects, including microcephaly and Guillain-Barré syndrome 2 . ZIKV infection can be asymptomatic or can cause a mild febrile illness clinically resembling infection with other co-circulating arboviruses, including dengue (DENV) and chikungunya (CHIKV) viruses. At present, it is unclear how ZIKV reaches immune-privileged sites within the body and breaches protective placental-fetal and blood-testis barriers, which leads to sexual transmission and congenital defects 3 . One possible route is ZIKV-infected white blood cells (WBCs), which disseminate the virus into different compartments of the body or serve as a viral reservoir upon recruitment to the infection site, a mechanism known as 'Trojan horse' 4 . West Nile virus (WNV), another flavivirus, infects monocytes, contributing to its dissemination into the brain, resulting in encephalitis and meningitis 5, 6 . Monocytes and dendritic cells (DCs) are the main target of DENV infection in human peripheral blood mononuclear cells (PBMCs) and in the skin [7] [8] [9] . Here, we identify cellular targets of ZIKV in human blood, compare this to DENV-infected patients, and analyse gene expression profiles of monocytes isolated from ZIKV-and DENV-infected patients. Our results reveal a detailed immune profile of ZIKV infection in PBMCs in vitro and in patients, which is pivotal to understanding the initial stages of Zika pathogenesis prior to dissemination throughout the body and into immune-sheltered sites, leading to neurological complications and vertical and sexual transmission of the virus.
To determine whether WBCs become infected with ZIKV, we first infected isolated PBMCs from four healthy blood donors for 48 h and stained intracellularly for ZIKV E and NS3 proteins to identify replicating virus. Immunophenotyping of in-vitro-infected cells showed a significantly higher percentage and number of CD14 + CD16 + monocytes (P < 0.01), a significantly lower percentage and number of CD14 + monocytes (P < 0.01 and P < 0.05, respectively) and a lower percentage of CD16 + monocytes (P < 0.05) compared to uninfected PBMCs (Fig. 1a-c) . In addition, the CD14 +
CD16
+ monocyte population increased, while CD14 + monocytes decreased from 24 h to 48 h post-infection ( Supplementary  Fig. 1a ). The mean percentage of B cells was somewhat increased (P < 0.05), CD4
+ memory T cells decreased (P < 0.01), and myeloid (mDC) and plasmacytoid (pDC) DCs, NK cells, CD8 + T cells, and naive and effector CD4 + T cells remained the same compared to uninfected cells (Fig. 1d-f and Supplementary Fig. 1c-j) . We found that an average of 6.8% of all live PBMCs were actively infected in vitro, consisting of 83.7% monocytes, 14.8% mDCs, 1.1% B cells, 0.1% T cells and 0.7% NK cells (Fig. 1g,h ). Among monocytic cells, 58.3% of all monocytes were infected, with CD14 + CD16 + monocytes being the main target of ZIKV at 48 h post-infection, followed by CD14
+ monocytes (Fig. 1i,j) . Within DCs, mDCs were infected while pDCs were not ( Fig. 1k and Supplementary Fig. 2a) , and more CD8 + T cells than CD4 + T cells were infected; however, ZIKV-infected T cells were found at very low frequency ( Fig. 1l and Supplementary Fig. 2b ), similar to NK and B cells ( Supplementary  Fig. 2c-e) . Thus, PBMCs are susceptible to ZIKV infection in vitro, with monocytes being the main target.
We then analysed PBMCs collected during acute illness from 29 ZIKV-infected and 8 DENV-infected patients enrolled in a paediatric hospital study in Managua, Nicaragua (Supplementary Table 1 Supplementary Fig. 1d -j for d-f and Supplementary Fig. 2a ,b for k and l. Significance was determined by Student's t-test or (in j) one-way ANOVA with Tukey's post-test. *P < 0.05, **P < 0.01, ***P < 0.001. For all panels, n = 4 donors from two individual experiments.
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NATuRe MICRoBIoLoGy at enrolment, whereas Zika cases were not (P < 0.0001). In Zika patients, the frequency of WBCs and monocytes did not change over the three days of hospitalization corresponding to the first six days post-illness ( Supplementary Fig. 3a,b) . However, almost half the Zika patients had monocytosis, whereas the monocyte count in dengue patients was normal ( Supplementary Fig. 3b ). Monocytosis is important for the rapid control of virus and clearance from the body and is associated with reduced viral titres in the central nervous system (CNS) and lower mortality in mice 4, 10, 11 . ZIKV RNA was measured in serum and urine by real-time reverse transcription-polymerase chain reaction (RT-PCR) on day 1 of presentation, corresponding to days 1 to 6 of illness. All patients were negative for DENV and CHIKV. ZIKV was detectable exclusively in serum in 6 patients (21%), whereas 9 (31%) and 14 (48%) patients were ZIKV-positive in serum and urine or were serum-negative but urine-positive, respectively (Fig. 2a,b ) 2, 12 . ZIKV in serum and PBMCs was quantified by quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR) on days 1-3 post-presentation; viraemia peaked on days 1-3 post-onset of symptoms and declined thereafter, whereas no significant differences in viral load were detected in PBMCs at days 1-6 post-symptom onset (Fig. 2b,c) . Thus, ZIKV RNA is detectable in PBMCs longer than in serum, suggesting that WBCs may function as a potential reservoir. Similarly, PBMCs are permissive to infection with DENV and WNV 1, 3, [6] [7] [8] . However, the level of ZIKV infection in PBMCs was lower than in serum, suggesting that other sources may contribute to viraemia.
Based on phenotypic differences detected in vitro, we next determined the impact of ZIKV infection in the WBCs of Zika patients. For each patient, we analysed PBMCs collected on days 1, 2 and 3 post-presentation and did not detect differences in any cell populations over time ( Supplementary Fig. 3c-i) . Thereafter, we selected day 1 post-enrolment for phenotypic cell comparisons to healthy uninfected blood donors ( Fig. 2d-h ). The overall proportions of cell populations within each patient were comparable to healthy individuals ( Supplementary Fig. 4a ,b). To identify changes within monocytes, we first gated cells on CD11b + HLA-DR + and examined the level of CD14 and CD16 expression (Fig. 2d,e) . ZIKV infection resulted in significant expansion of CD14 + CD16 + monocytes compared to uninfected individuals (P < 0.01), although the overall frequency and absolute cell number was low in all patient samples, and there was a reduction in the percentage and number of classical (CD14 + CD16 − ) monocytes (P < 0.05) ( Fig. 2e and Supplementary  Fig. 4c ). Thus, we found CD14 + CD16 + monocytes are expanded during ZIKV infection in vitro and in vivo, consistent with other studies of HIV or DENV infection 2, 4, 13, 14 . CD14 + CD16 + monocytes produce large quantities of inflammatory cytokines and display high phagocytic activity, contributing to an inflammatory immune response to clear pathogens 1, 5, 6, 14 . CD14 + CD16 + monocytes can quickly differentiate into DCs and activate T cells during viral infection 2,7-9,15 , as well as induce plasmablast differentiation and antibody responses during acute DENV infection in humans and primates, demonstrating they are important mediators of adaptive immune responses 3, 5, 7, 13 . Therefore, CD14 + CD16 + monocytes may play an important role in the immune response during ZIKV infection, and additional studies are needed to determine the exact role of monocytes during ZIKV pathogenesis.
Next, we gated WBCs on CD3 + T cells and found an increase in the percentage of CD4 + T cells (P < 0.05) and naive CD4 + T cells (P < 0.001) and a decrease in CD8 + T cells (P < 0.05), CD4 + effector memory T cells (P < 0.001) and CD4
+ effector T cells compared to healthy individuals ( Fig. 2f-h and Supplementary Fig. 4d ). The percentage of pDCs was higher in ZIKV-infected patients (P < 0.05) ( Supplementary Fig. 4e ), while mDCs, NK cells and B cells were unchanged (Supplemental Fig. 4f-h) .
We then examined which WBCs are targeted by ZIKV during acute infection by staining a subset (n = 19) of the same patients from the phenotypic analysis ( Fig. 2) with antibodies against E and NS3 protein. As the viral titre in PBMCs was similar across days 1-6 of illness (Fig. 2c) , we analysed all patient samples from day 1 of presentation, which corresponds to a mean of 3.3 days of illness. After gating WBCs from ZIKV-infected patients on E-and NS3-double-positive cells we found that an average of 4.6% of all PBMCs become infected. While many studies of ZIKV exclusively use anti-E antibodies, our study demonstrates that both antibodies are necessary to identify ZIKV-infected cells, as 32-40% of the E staining was detected on the surface of in-vitro-infected cells and PBMCs from Zika patients and does not necessarily imply infection (Supplementary Fig. 5 ; see Methods). Within the patients' infected (E + NS3 + ) WBCs, 82.6% were monocytes, 10.7% mDCs, 2% NK cells, 0.8% B cells and 0.6% T cells (Fig. 3a) 
CD16
+ monocytes are the main target of infection within WBCs of patients, consistent with our in vitro experiments.
Studies of WNV and DENV infection in humans have also shown monocytes and macrophages to be highly susceptible to infection [5] [6] [7] . Several receptors, including DC-SIGN, AXL, Tyro 3 and TIM-1, have been described as possible entry receptors for ZIKV into cells. In particular, the TAM receptor AXL has been identified as an entry factor for ZIKV in fetal endothelial, microglia and other brain cells [16] [17] [18] . Interestingly, AXL and the other receptors are also strongly expressed on monocytes, macrophages and DCs, all of which are highly susceptible to ZIKV infection 19 . The closely related DENV uses AXL for entry into cells through indirect binding to AXL via Gas6 20 . Therefore, we speculate that AXL could also play a role in ZIKV infection of monocytes; however, further studies are needed to determine the role of AXL and other receptors, such as DC-SIGN and Tyro3, in the tropism of ZIKV for monocyte populations.
Monocytes can play a pathogenic role upon infection by flaviviruses and other pathogens by contributing to the spread of infection within the body via the 'Trojan horse' mechanism, whereby monocytes infected directly or indirectly disseminate virus and thereby potentiate disease and increase mortality [7] [8] [9] 15, 21 . In animal models of HIV and WNV infection, virus is spread into the CNS through infiltration of infected monocytes across the blood-brain barrier 4, 10, [22] [23] [24] . HIV-infected monocytes and T cells can also disseminate infection across the blood-testis barrier, resulting in sexual transmission of HIV through infected sperm 2, 25, 26 . Because ZIKV is also sexually transmitted through infected sperm, infected WBCs could be a vehicle for transporting virus across the blood-testis barrier 3, [6] [7] [8] 27 . We found that mDCs are also susceptible to ZIKV infection, but that the percentage of pDCs in blood is increased during ZIKV infection. pDCs are major producers of type I interferon after viral exposure 13, 14, 28, 29 , and their increase results in reduced disease severity 30 . Thus, the observed increase of pDCs during ZIKV infection could have beneficial implications for Zika pathogenesis.
ZIKV is closely related to the flavivirus DENV, so we compared the immune profile of ZIKV to DENV infection by analysing samples from day 1 post-enrolment from dengue patients in the same hospital-based study. We found that DENV infects 4.5-fold more PBMCs than ZIKV (P < 0.0001, Fig. 3c,d ). The percentage of classical CD14
+ monocytes was higher (P < 0.01) and that of CD16 + monocytes was decreased in ZIKV-compared to DENV-infected patients (P < 0.001) ( Fig. 3e and Supplementary Fig. 6a ), while the percentage of CD14 + CD16 + monocytes was similar in both groups. However, CD14 +
+ monocytes were significantly more infected with ZIKV compared to DENV (P < 0.01), while infection of CD16
+ monocytes was higher in DENV-infected compared to ZIKV-infected patients (P < 0.05) (Fig. 3f) . Similarly, the frequency of CD4 + T cells was elevated, whereas CD8 + T cells were decreased during ZIKV infection compared to DENV (P < 0.01) (Fig. 3g and Supplementary Fig. 6b ), and significantly fewer CD3
+ T cells became H e a l t h y Z i k a p a t i e n t s H e a l t h y Z i k a p a t i e n t s H e a l t h y Z i k a p a t i e n t s H e a l t h y Z i k a p a t i e n t s H e a l t h y Z i k a p a t i e n t s H e a l t h y H e a l t h y H e a l t h y Z i k a p a t i e n t s Z i k a p a t i e n t s Z i k a p a t i e n t s H e a l t h y H e a l t h y Z i k a p a t i e n t s Z i k a p a t i e n t s Supplementary Fig. 4d . Significance was determined by Student's t-test; *P < 0.05, **P < 0.01, ***P < 0.001. + monocytes that are infected with ZIKV (E + NS3 + ). Data are from patient samples on day 1 of presentation to the hospital, which is mean day 3.3 post-illness onset (n = 19). In c-i, infection of WBCs in patients with Zika is compared to WBCs of dengue patients. WBCs were collected on day 1 of presentation to the hospital from Zika or dengue patients, 3-6 days post-onset of illness. c, Representative dot plot of intracellular E and NS3 staining in a ZIKV-and a DENV-infected patient. An isotype control for E and NS3 staining was included. Cells were gated on live PBMCs. Doublet exclusion was performed for all samples. a-d) or n = 29 (e, g, i) Zika patients and n = 8 dengue patients. A representative flow plot for e-i is shown in Supplementary Fig. 6a-d . Significance was determined by Student's t-test and, in b, one-way ANOVA; *P < 0.05, **P < 0.05, ***P < 0.001, ****P < 0.0001.
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infected in Zika patients (P < 0.01) (Fig. 3h and Supplementary  Fig. 6c ). The frequency of NK cells was significantly reduced in Zika cases (P < 0.001) (Fig. 3i and Supplementary Fig. 6d ), while mDC and B cell frequency was not different (Supplementary Fig. 6e,f) . Thus, WBCs from patients are less susceptible to ZIKV infection compared to DENV, and phenotypic differences occur between ZIKV-and DENV-infected patients, despite the close structural similarity of the viruses.
Next, we analysed the transcriptional profile of monocytes infected in vitro with ZIKV for 24 and 48 h compared to monocytes from healthy uninfected blood donors using a TaqMan gene expression assay. Certain chemokines were > 1,000-fold or 100-700-fold upregulated (Fig. 4a) , including several chemokines (for example, CXCL8 31 ) important for neutrophil trafficking. Neutrophils could play a critical role in ZIKV pathogenesis or control; studies with WNV and Japanese encephalitis virus have demonstrated that neutrophils serve as a virus reservoir and facilitate viral dissemination 32, 33 . Interestingly, many genes involved in the immune response and almost all interleukins were not differentially expressed during ZIKV infection.
Finally, we compared the gene expression profile of monocytes in ZIKV-versus DENV-infected patients and found a similar profile, with many genes upregulated and four genes downregulated during both infections (Fig. 4b, Supplementary Fig. 7 and Supplementary Table 2 ). Genes that were > 100-fold upregulated during ZIKV or DENV infection were CCL2, CXCL12, XCL1, CXCR5, IL-6, PF4/ CXCL4 and IFN-γ ( Supplementary Fig. 7 and Supplementary Table 2 ). The median expression of CXCL12 and IL-6 was > 100-fold higher during ZIKV infection (P < 0.05), while expression of XCL1, interferon (IFN)-γ and interleukin (IL)-10 was > 100-fold higher during DENV infection (P < 0.05) (Fig. 4b and Supplementary  Fig. 7) . Thus, the cytokine expression profile induced in monocytes in the blood of ZIKV-and DENV-infected patients is comparable but differs in selected inflammatory cytokines. Chemokines with an important role in the chemotactic activity of monocytes and T cells were upregulated in both diseases. However, CXCL12 was significantly higher in monocytes during ZIKV infection. Dysregulation of CXCL12 is associated with reduced integrity of the blood-brain barrier during viral encephalitis 34, 35 . WNV studies showed that CXCL12 is implicated in WBC retention in the CNS perivascular space and regulation of CD8 + T cell trafficking into the brain for viral clearance 36 . Thus, CXCL12 could play a role in inflammation of the brain in the fetus and associated brain abnormalities.
In summary, we have shown that WBCs are permissive to ZIKV infection and that monocytes, particularly CD14 + CD16 + monocytes, followed by DCs, are the main target of infection. Because monocytes can infiltrate many tissues, including immune-sheltered organs, they are ideal targets for infection, as they can act as 'Trojan horses' . We found that the percentage of CD14 +
CD16
+ monocytes is increased, consistent with their role in infection with DENV 13 . The gene expression profile of monocytes during ZIKV infection is generally muted, with low induction of cytokines/chemokines, consistent with the mild symptomatology of Zika. Identifying cellular targets of ZIKV infection in the blood is an important step in understanding the early stages of the ZIKV-induced innate immune response, when drug therapies could be applied to prevent complications and severe outcomes of Zika. Future studies are needed to define the specific role monocytes play during ZIKV pathogenesis and how they contribute to dissemination via the maternal-fetal and blood-testis barriers.
Methods
Study design and population. PBMCs from ZIKV-infected patients were obtained from an ongoing study in the Infectious Disease Ward of the Nicaraguan National Pediatric Reference Hospital, Hospital Infantil Manuel de Jesús Rivera (HIMJR), in Managua, Nicaragua, between July and August of 2016. PBMCs from dengue patients were obtained between July and August of 2016 and between September and November of 2012. Suspected Zika and dengue cases presenting to the HIMJR 1-6 days post-symptom onset were enrolled after informed consent, and blood and urine were collected on days 1, 2 and 3 post-enrolment. Children were examined by study physicians, and clinical data were recorded systematically on study collection forms. Enrolment criteria consisted of age less than 15 years and presentation with an acute febrile illness of fewer than 7 days duration consistent with the case definition for dengue or Zika (the latter, rash with one or more of the following symptoms: conjunctivitis, arthralgia, myalgia and/or periarticular oedema regardless of fever) 37 . ZIKV and DENV infection were confirmed by real-time RT-PCR performed at the National Virology Laboratory of the Ministry of Health in Managua using either of two triplex assays that simultaneously detect ZIKV, CHIKV and DENV infections: the ZCD assay 38 or the CDC Trioplex assay 39 . Patients with acute ZIKV infection (n = 29) or DENV infection (n = 3 DENV2 from 2016 and n = 5 DENV1 from 2012) were selected for our study. For the comparison of PBMCs from Zika versus dengue, Zika and dengue patients presenting to the hospital on days 3-6 of illness (mean 3.8 (± 0.9) for Zika and mean 4.5 (± 1.1) days for dengue, P > 0.05) were included in the analysis. The hospital study was reviewed and approved by the Institutional Review Boards (IRB) of the University of California, Berkeley, and the Nicaraguan Ministry of Health. Parents or legal guardians of all subjects provided written informed consent, and subjects 6 years of age and older provided assent. Healthy blood donor samples were collected at the American Red Cross Blood Donation Center and the Nicaraguan National Blood Bank, with two adult patient samples from Oakland and four adult patient samples from Nicaragua, respectively.
PBMC isolation.
Daily blood samples were collected on days 1, 2 and 3 postenrolment into the hospital study. PBMCs, plasma and serum were prepared as previously described 7, 40 . For PBMC preparation, blood samples were collected in Vacutainer tubes (Becton-Dickenson) with EDTA anticoagulant reagent. Upon receipt in the Nicaraguan National Virology Laboratory, 4-5 ml of blood was transferred into a Leucosep tube (Greiner Bio-One) containing 3 ml of Ficoll Histopaque (Sigma) and centrifuged at 500g for 20 min at room temperature. The PBMC fraction was collected and transferred to a 15 ml conical tube containing 9 ml of PBS with 2% fetal bovine serum (FBS; Denville Scientific) and 1% penicillin/streptomycin (Sigma). Cells were washed three times in this solution by centrifugation at 500g for 10 min and resuspended in 10 ml of complete medium. Before the third wash, an aliquot was used to obtain a cell count using a haematology analyser (Sismex XS-1000i). After the third wash, cells were resuspended at a concentration of 10 7 cells per ml in freezing medium consisting of 90% FBS and 10% dimethyl sulfoxide, and aliquoted. Cryovials containing the cell suspension were placed in isopropanol containers (Mr. Frosty, Nalgene) at − 80 °C overnight and transferred to liquid nitrogen for storage. For in vitro infection experiments, PBMCs were isolated from Buffy coats from healthy blood donors obtained from the American Red Cross Oakland Blood Donation Center and the Nicaraguan National Blood Bank using the protocol described above.
Monocyte isolation. Monocytes were isolated from PBMCs of healthy blood donors and from ZIKV-and DENV-infected patients from the Nicaraguan hospital study using the Pan-monocyte Isolation Kit (Miltenyi) according to the manufacturer's protocol. In brief, PBMCs were quickly thawed at 37 °C and washed twice in RPMI containing 10% FBS, 2 mM l-glutamine and 1% penicillin/ streptomycin. The cells were then blocked with 10 µ l FcR-blocking reagent and stained with 10 µ l biotin-antibody cocktail for 5 min at 4 °C. After incubation, cells were stained with 20 µ l anti-biotin Microbeads (Miltenyi) for 10 min at 4 °C. For manual separation, an LS cell separation column (Miltenyi) was placed into a MACS Separator (Miltenyi), and the negative fraction containing the flow-through of enriched and unlabelled monocytes was collected and counted. The purity of the isolated monocyte populations was determined by flow cytometry using the markers CD11b, CD14 and CD16, and was found to be > 95% pure.
Virus and in vitro infection of PBMCs and monocytes. ZIKV strain Nica 2-16
was used for in vitro experiments and was initially isolated in early 2016 from a ZIKV-infected patient by the National Virology Laboratory, Nicaraguan Ministry of Health 41 . Nica 2-16 was propagated at low passage in C6/36 cells in MEM (Gibco) supplemented with 5% FBS, 1% penicillin/streptomycin, and 2 mM l-glutamine (Invitrogen), and cell-free supernatants were collected 4, 5 and 6 days post-infection (p.i.). The C6/36 cells were donated by R. Baric, University of North Carolina, Chapel Hill. Cells were tested for DENV and ZIKV contamination by RT-PCR and for mycoplasma contamination by PCR. This cell line is not listed in the database of commonly misidentified cell lines maintained by ICLAC and NCBI Biosample. For in vitro infections, PBMCs from healthy blood donors were plated onto a 24-well plate (Corning), and 2 to 5 × 10 5 cells per well were infected with Nica 2-16 at a multiplicity of infection (MOI) of 1 for 1 h in serum-free RPMI at 37 °C. Fresh medium was then added to each well, and PBMCs were collected at 48 h and 72 h p.i. for analysis by flow cytometry and immunofluorescence. Isolated monocytes were infected with Nica 2-16 for 1 h at 37 °C in serum-free DMEM medium before adding DMEM supplemented with 5% FBS and 1% penicillin/ streptomycin. Monocytes were isolated after 24 and 48 h of infection in vitro and CMTM1  NFKB1  CLCF1  CCL3  TNFSF14  TYMP  GRB2  IFNGR1  CXCL11  IL1B  CCL25  CCL4  STAT4  CXCL14  CCRL1  CCR4  IL10  CCL1  CCL13  CCL19  SOCS5  CKLF  JAK2  TLR2  TLR4  IL1RAP  MYD88  C5  SCYE1  IL18  SLIT2  TNF−alpha  TNFSF10  TNFRSF1A  HIF1A  STAT3  CXCL12  IL−6  XCL1  CXCR5  CCL2  CCL5  PF4  IFN−gamma  CXCL5  PPBP  CCL8  CXCL10  IL16  CCL22  CCL24  CCL20  CXCL13  IL−2  CCL21  IL13  IL−9  IL−5  IL−4  DARC  CX3CL1  CXCL7  CXCL6  CCL28  CCL27  CCL26  CCL17  CCL11  CCL16  CCL23  CCR10  CCR3  IL12B  CXCL1  CSF2  CXCL3  IL1A  IL12A  CXCL2  CXCL9  CCL7  CCRL2  CCL18  GDF5  GPR81  CCR2  CXCR4  XCR1  IL− 
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Flow cytometry. PBMCs were removed from liquid nitrogen storage and quickly thawed at 37 °C. Thawed cells were then washed with RPMI (Gibco) supplemented with 10% FBS, 2 mM l-glutamine and 1% penicillin/streptomycin and centrifuged for 5 min at 300g before counting cells with a haemocytometer. PBMCs were then resuspended in flow cytometry buffer (PBS without Ca 2+ /Mg 2+ containing 2% FBS and 2 mM EDTA (LifeTech)) and stained with 1:100 Zombie Aqua (BioLegend) viability dye for 15 min at room temperature. PBMCs were divided into different wells of a 96-well plate, distributing between 70,000 and 200,000 cells per well. Next, PBMCs were blocked with human Fc block (1:100, Miltenyi) for 10 min at 4 °C, and the appropriate antibody cocktail for each staining panel was added to each sample and stained for 20 min at 4 °C for surface markers. All antibodies were obtained from eBioscience unless stated otherwise: CD45RA, CD45RO, CD3, CD4, CD8, CCR7, CD11b, CD16, CD14, CCR2, CD1a, CD1c, CD209, CD11c, CD56, CD27, IgM, CD19, CD38, CD20, CD123 and HLA-DR. For data acquisition, the samples were read with an LSR Fortessa high-throughput sampler (HTS) plate reader (BD Biosciences) with 405, 488, 562 and 632 nm laser excitation lines and were analysed using FlowJo software (TreeStar) version 10.2. All cells were gated on live WBCs that were negative for Zombie Aqua dye. Negative and positive gates were determined using isotype controls, uninfected controls and/or 'Fluorescence Minus One' controls. A doublet-exclusion using SSC-Area versus SSC-Height was performed for all samples. To set up a compensation matrix, BD CompBeads (BD Biosciences) were used.
Staining for viral proteins by flow cytometry. To identify ZIKV-and DENVinfected cells, a Cytofix/Cytperm kit (BD) was used for intracellular staining with a pan-flavivirus mAb against the envelope protein, E (4G2, ATCC) and a mAb against nonstructural protein 3, NS3 ( E1D8 42 ) as per the manufacturer's protocol. To remove bound virus from the cell surface, cells were incubated with trypsin for 60 min on ice and washed with flow cytometry buffer prior to performing intracellular staining. mAbs 4G2 and E1D8 were conjugated with phycoerythrin (PE) and Alexa Fluor 647, respectively, using protein-labelling kits (Thermo Fisher), and were used at a concentration of 1:500 to 1:800. For isotype controls for 4G2 and E1D8, a mouse IgG2a and mouse IgG2b were used, respectively. To assess the proportion of actively infected cells among E + -positive cells, because staining for E alone is widely used in the field, we stained with only 4G2 and found that an average of 9.1% (± 2.4 s.d.) of WBCs were positive for ZIKV E in in-vitroinfected PBMCs and 8.4% (± 2.6 s.d.) were ZIKV E + in patient samples (n = 29, Supplementary Fig. 5 ). When we also stained for NS3 protein, which is expressed only by replicating virus, we found that an average of 6.8% (± 0.9) and 4.6% (± 1.7) of WBCs were double-positive for E and NS3 in in-vitro-infected cells and Zika patients (n = 19), respectively ( Supplementary Fig. 5 ). To determine how much virus is adherent on the surface of cells, we tested non-permeabilized PBMCs from the same cells and patients and performed surface staining with mAbs against E and NS3. We found that 2.7% (± 1.2) and 3.4% (± 0.9) of in-vitro-infected cells and patient PBMCs were positive for E on the cell surface, respectively ( Supplementary  Fig. 5 ), whereas no NS3 was detectable on the surface of cells. Together, these results indicate that 68-60% of the E protein detected by intracellular and surface staining is from replicating virus and the other 32-40% adheres to the surface of cells, while only a minimal amount of virus is phagocytosed. Thus, to determine the frequency of replicating ZIKV, it is necessary to use the E and NS3 antibodies in conjunction.
RNA extraction and qRT-PCR.
To quantify ZIKV and DENV infection in serum and in PBMCs from hospital patients, quantitative real-time RT-PCR was performed. RNA was extracted from 140 µ l of serum using the QIAmp Viral RNA Mini kit (Qiagen) and was stored at − 80 °C. For PBMCs and monocytes, 50,000-200,000 cells were added to 1 ml of Trizol, RNA was extracted using the PureLink RNA Mini kit (Invitrogen) following the manufacturer's protocol, and each sample was eluted in 30 µ l of nuclease-free water. DNA was removed on column by using 30 U per sample PureLink DNAse (Invitrogen) for 15 min at room temperature. ZIKV RNA in serum was quantified using the ZCD assay with RNA standards 43 . ZIKV RNA in PBMCs was quantified using a modified ZIKV real-time RT-PCR singleplex assay originally developed by the CDC 44 . Primers ZIKV 1086 and ZIKV 1162c were used, with a probe modified to match the Nicaraguan strain Nica 2-16 41 ZIKV_1107-FAM_UG&Nica ([FAM] AGCCTACCTTGACAAGCAGTCAGACACTCAA [BHQ1]). RNA standards consisted of RNA transcripts that were generated from an amplicon derived from ZIKV Nica 2-16 (GenBank KX421194) using the following primer set modified from the CDC singleplex assay 44 : ZIKV 835_T7 ± 10 (5′ TAATACGACTCACT ATAGGGAGTCATATACTT GGTCATGATACTGCTGATTGC3′ ) and ZIKV 1162c ± 10_Nica (5′ CAGCCTCTGTCCACTAA CGTTCTTTTGCAGACAT3′ ). RNA transcripts were generated using RiboMA Large Scale RNA Production System-T7 (Promega). For quantitation, clinical samples and the RNA standards were processed in duplicate on a single run using a Verso 1-Step QRT-PCR Kit (Fisher Scientific). The mean cycle count (Ct) was used for all calculations. The 96-well plate was run on a 7300 Applied Biosystems machine using the following conditions: 50 °C for 30 min, 95 °C for 12.5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. RNA in each sample was quantified by using a linear regression equation for the standard curve, as described previously 45 , and the titre was expressed as log 10 copies per ml.
TaqMan gene expression assay. RNA (10 μ l) from isolated monocytes from ZIKV-or DENV-infected Nicaraguan hospital patients was converted to cDNA using the high-capacity RNA-to-cDNA kit (Applied Biosystems) following the manufacturer's protocol. To determine the relative quantitation of gene expression of chemokines, cytokines and other immune response-related genes, a chemokine TaqMan gene signature plate (Applied Biosystems) was used, containing FAM-(5′ ) and MGB-(3′ ) labelled TaqMan probes and corresponding primers for one of the 92 test genes and 4 house-keeping genes as described by the manufacturer (Applied Biosystems). ROX was used as a passive reference dye. For each plate, 1-100 ng cDNA per 20 µ l reaction was used, and 10 µ l of TaqMan Gene Expression master mix (Applied Biosystems) was added into each well (Applied Biosystems) and run under the following cycling conditions: 50 °C for 2 min, 95 °C for 10 min and then 95 °C for 15 s and 60 °C for 1 min, repeated for 40 cycles using the standard mode on an Applied Biosystems 7300 PCR system. Using the 2 -ΔΔCt method, the mRNA-fold change was calculated as previously described, comparing all genes to uninfected monocytes and to the house-keeping gene 18S 46 ( Supplementary Fig. 8 ). Fold changes were visualized by transforming the data to log 10 and generating a heatmap using R version 3.3.1.
Statistical analysis.
Viraemia and viral load data obtained from cells were analysed using a Mann-Whitney U-test. The flow cytometry data set was analysed using a Student's t-test for pairwise comparisons and a one-way analysis of variance (ANOVA) for multiple comparisons applying a Tukey's post-test unless stated otherwise. To calculate statistical differences in outcomes for ZIKV and DENV infection, we used a Pearson's chi-squared test. Statistical significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
Code availability. The R code for generation of the heatmaps is available from the corresponding author upon request.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request. 
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